Prion diseases are infectious and belong to the group of protein misfolding neurodegenerative diseases. In these diseases, neuronal dysfunction and death are caused by the neuronal toxicity of a particular misfolded form of their cognate protein. The ability to specifically target the toxic protein conformer or the neuronal death pathway would provide powerful therapeutic approaches to these diseases. The neurotoxic forms of the prion protein (PrP) have yet to be defined but there is evidence suggesting that at least some of them differ from infectious PrP (PrP Sc ). Herein, without making an assumption about size or conformation, we searched for toxic forms of recombinant PrP after dilution refolding, size fractionation, and systematic biological testing of all fractions. We found that the PrP species most neurotoxic in vitro and in vivo (toxic PrP, TPrP) is a monomeric, highly α-helical form of PrP. TPrP caused autophagy, apoptosis, and a molecular signature remarkably similar to that observed in the brains of prion-infected animals. Interestingly, highly α-helical intermediates have been described for other amyloidogenic proteins but their biological significance remains to be established. We provide unique experimental evidence that a monomeric α-helical form of an amyloidogenic protein represents a cytotoxic species. Although toxic PrP has yet to be purified from prion-infected brains, TPrP might be the equivalent of one highly neurotoxic PrP species generated during prion replication. Because TPrP is a misfolded, highly neurotoxic form of PrP reproducing several features of prion-induced neuronal death, it constitutes a useful model to study PrP-induced neurodegenerative mechanisms.
misfolded protein diseases | neurotoxicity | neurodegeneration T ransmissible spongiform encephalopathies or prion diseases are fatal brain diseases of animals and humans and belong to the group of protein misfolding neurodegenerative diseases. No treatment is available to halt the rapidly progressing neurodegenerative disease once prions have reached the brain. PrP Sc , an abnormally structured and aggregated form of the host prion protein PrP (1, 2) , is thought to be the only (3) (4) (5) (6) or the major (7) constituent of the infectious agent called prion. PrP
Sc consists of a proteinase K (PK)-resistant and a PK-sensitive form (rPrP Sc and sPrP Sc ) (8) . The neurotoxic form of PrP produced as a result of prion replication is unknown (9, 10) . Neuronal death can occur during prion infection in the absence of detectable rPrP Sc (11) (12) (13) , suggesting that neurotoxic PrP is either sPrP Sc or is distinct from PrP Sc . In mice expressing anchorless prion protein, amyloid PrP Sc can accumulate without clinical disease (14) . In certain paradigms of experimental mouse scrapie, the time of onset of neurological disease is distinct from the time when maximal infectivity and PrP Sc levels are reached in the brain (15, 16) . Collectively, these findings suggest that at least a substantial part of neurotoxic PrP generated during prion infection is distinct from PrP Sc . Interestingly, in other misfolding neurodegenerative diseases, such as Alzheimer's disease (AD), Parkinson disease (PD), and Huntington diseases, it has been shown that prefibrillar states of involved proteins are toxic, rather than amyloid aggregates (9, (17) (18) (19) (20) . Targeting neurotoxic PrP death pathways would be a new and powerful approach to therapy of prion diseases. Therefore, it is highly significant to define a highly neurotoxic form of PrP that reproduces features of prion-induced neurodegeneration and could be used as a model to study mechanisms of neuronal death occurring during prion infection. We set out to establish a molecularly defined model for PrP-induced toxicity.
Besides model peptides, such as PrP106-126, 118-135, or 105-132 (21, 22) , oligomers of recombinant PrP are neurotoxic (23, 24) . We showed that PrP oligomers are not only toxic in vitro but also in vivo (25) ; however, they were poorly defined and contained oligomers of various sizes together with PrP monomers (25) . We implemented a different strategy to identify neurotoxic PrP species. Instead of aiming at a particular type of PrP, we subjected recombinant PrP to denaturation and dilution refolding under conditions particularly suitable for disulfide bond-containing proteins and for the refolding of protein complexes (26, 27) . We fractionated the refolded product on a sizing column and examined the toxic properties of each PrP fraction on neuroblastoma cells. We found a highly neurotoxic PrP entity in the form of monomeric, α-helical PrP (called TPrP) harboring significant toxicity at a dose as low as 20 nM (0.5 μg/mL). TPrP was toxic for all three tested murine neuronal cell types, but not for mouse or human fibroblasts. TPrP was also neurotoxic in vivo, showing about 10-times higher specific activity than PrP oligomers. TPrP induced apoptosis, autophagy, and molecular hallmarks similar to those observed in prion-infected mouse brains. Although a PrP species equivalent to TPrP has yet to be identified in prion-infected brain material, TPrP represents a highly neurotoxic form of misfolded prion protein that mimics several features of prion pathogenesis and can serve as a model to study PrP-induced neurodegenerative mechanisms.
Results
Identification of TPrP, a Highly Toxic PrP Species. Recombinant fulllength PrP from Escherichia coli was denatured, subjected to dilution refolding, and the mixture of PrP conformers and aggregates of various sizes was separated by size-exclusion chromatography (SEC) (Fig. 1A) . Fig. S1 shows the purity of PrP in inclusion bodies, which is comparable to that of previously published PrP preparations (28) . The two main bands of PrP consistently observed throughout all fractions correspond to PrP 23-231 and PrP 30-231, as described previously (29) , and Nterminally truncated PrP was observed from fraction V93 to V101 (Fig. 1 B and G, and Fig. S2 ). Each 2-mL fraction was tested for toxicity on PK1 neuroblastoma cells (30) . The fractions corresponding to elution volumes V89, V91, and V93, collectively named fraction V89-93, were highly cytotoxic after 3 d, in a dose-dependent manner, starting from 0.5 μg/mL (Fig. 1D) . Fractions V89 and V91 contained no or minute amounts of truncated PrP, showing that toxicity was not because of PrP fragments (Fig. S2 ). Further analysis of fraction V89-93 on a Superdex 75 column showed that it contained one single major PrP species that we called TPrP (Fig. 1C) . Cell death was characterized by neuritic retraction and vacuolation (Fig. 1E ). Soluble fractions of higher molecular weight than fraction V89-93, PrP aggregates, and the monomeric PrP species eluted in fraction V109 [nontoxic PrP (NTPrP), which also resolves into a single peak after further chromatographic separation] (Fig.  1C) , did not exhibit toxicity at concentrations up to 50 μg/mL. We took great care to ascertain that toxicity of fraction V89-93 was PrP-specific. PK digestion eliminated toxicity, showing that toxicity was not a result of a nonproteinaceous coeluted contaminant (Fig. S3 ). As controls, we refolded in the same way the polymeric Ig receptor pIGR D1-H6 and the Aβ42 peptide. None of the fractions of pIGR D1-H6 or Aβ42 peptide tested at concentrations up to 5 and 50 μg/mL, respectively, exhibited toxicity on murine PK1 cells. However, one oligomeric Aβ42 fraction induced dose-dependent neuronal death of human SK-N-SH cells (Fig. S4 ). We then reasoned that the most convincing demonstration that the toxicity of TPrP was because of a conformer of PrP and not because of an adventitious contaminant would be the conversion of a nontoxic PrP fraction into TPrP. We thus applied the refolding/fractionation process to PrP aggregates obtained after the first round of refolding. The resulting TPrP (V86) was extremely pure (as seen on the silver gel) and exhibited toxicity similar to that of TPrP obtained from refolding of PrP from inclusion bodies ( Fig. 1 F-H) . Alternatively, we concentrated and freeze/thawed purified NTPrP and fractionated the resulting PrP on a Superdex 75 column. After this procedure a very small peak corresponding to TPrP appeared at the expected elution volume. Collected "second generation" TPrP exhibited toxicity similar to the "first generation" TPrP ( Fig. S5 ). This process demonstrated that the toxicity of TPrP was because of a specific PrP conformer.
TPrP Is an α-Helical PrP Monomer and Differs in Conformation from
NTPrP. Because conformation and hydrophobicity affect the mobility of proteins in SEC, to determine the size of TPrP, we submitted two independent samples of purified TPrP to multiangle light scattering analysis at the Analytical Services of Wyatt Technology and at the Biophysics Resource of Keck Facility, Yale University, New Haven, CT. Both processes showed that TPrP is a PrP monomer (Fig. S6 ). CD analyses on three different purified TPrP preparations revealed that TPrP is an α-helical PrP species ( Fig. 2A) , with higher α-helical content than NTPrP and OPrP (an oligomeric species partitioning in fraction V81) (Fig.  1A) . We then probed the conformation of TPrP using a conformation-dependent immunoassay. TPrP, similar to OPrP, exhibited reduced immunoreactivity to PrP mAb D18 and enhanced resistance to guanidinium unfolding compared with NTPrP ( Fig. 2B ). Furthermore, TPrP was more resistant to mild PK digestion than NTPrP or even OPrP. Both TPrP and OPrP released a PK-resistant core at 0.1 μg/mL PK, but NTPrP did not (Fig. 2C ). These data show that the conformation of TPrP is different from that of NTPrP. CD and PK digestion showed that TPrP also structurally differs from OPrP. Using protein misfolding cyclic amplification according to the technique recently developed by Wang et al. (6), we showed that TPrP could be converted into PrP Sc in vitro equally well as NTPrP (Fig. 2D ).
Similar Morphological and Molecular Hallmarks of TPrP-Induced
Neuronal Damage and Prion-Infected Mouse Brains. TPrP-induced neuronal damage resembled that observed in prion diseases. TPrP-treated PK1 cells underwent neuritic retraction and loss ( Fig. 1 E and H) that have been described as early signs of neuronal damage in prion diseases (31, 32) as well as apoptosis (Fig. 3A) , a feature of prion pathology (11) . TPrP induced abundant neuronal vacuolation ( Fig. 1 E and H) , which is the hallmark of prion diseases (33) and has been recently linked to autophagy (34, 35) . To examine if TPrP-induced vacuolation is mechanistically related to that occurring during prion diseases, we studied the expression levels of key molecular players of the autophagy pathway both in TPrP-exposed neuroblastoma cells and in the brains of mice infected with three different prion strains (Fig. 3B) . We observed almost indistinguishable effects of TPrP in cells and of scrapie infection in vivo as regards modulation of autophagolysosomal markers. The primary autophagosome marker LC3-II/I ratio was elevated, as well as the lysosomal marker Lamp2. Atg5 was unchanged in TPrP and scrapie-induced autophagy, and beclin-1 was reduced in both cases. We noted an isolated discrepancy with mammalian target of rapamycin (mTOR) being reduced at day 4 in TPrP-exposed cells and elevated in scrapie-infected mouse brains. TPrP Is Toxic to Neuronal Cells but Not Fibroblasts. Mouse neuronal cells, including PK1, CAD5, and PrP −/− murine hippocampal neurons (Hpl3.4) (36), were susceptible to 2.5 μg/mL TPrP (Fig. S7) .
In (Fig. S7) . These results suggest a neuron-specific susceptibility to TPrP. Fluorescently labeled TPrP (which retained its toxicity), was not detectable above background levels inside fibroblastic cells, in contrast to the high levels found in neuronal cells (Fig. S8) .
TPrP Is Metabolized Differently than NTPrP. Fluorescently labeled TPrP, NTPrP, and OPrP were all taken up by PK1 cells. (Fig. S9) . Intriguingly, as judged by fluorescence, TPrP and OPrP showed a different pattern of accumulation than NTPrP. NTPrP was mostly sequestered in smaller dot-like structures that did not coincide with TPrP or OPrP localization. TPrP largely colocalized with OPrP (Fig. 4) . In addition, TPrP localized in vacuoles and at the cell surface in membranous structures. We did not observe any increased toxicity as a result of NTPrP or OPrP cotreatment.
TPrP Is Highly Neurotoxic on Brain Slices and in Vivo. We tested the toxicity of various SEC fractions on cultured mouse cerebellar brain slices that are capable of replicating prions (37) . TPrP induced cell loss, resulting in shrinkage and partial destruction of brain slices in 6 d. NTPrP had no adverse effect on brain slices, whereas OPrP was toxic, but at a later time point and less so than TPrP (Fig. S10) . We then compared TPrP and OPrP toxicity after subhippocampal stereotaxic injections into mouse brains: both induced dose-dependent apoptosis and death of pyramidal hippocampal neurons, as evidenced by the presence of shrunken cells harboring pyknotic nuclei, and neuronal loss (Fig. 5, yellow  arrows) . TPrP was about 10-times more toxic than OPrP (10-times more OPrP than TPrP was required to induce the same extent of lesions). High doses of TPrP elicited lesions extending to the dentate gyrus (Fig. 5A, green arrowhead) , as well as astrogliosis and a bouquet of vacuoles in the hippocampus (Fig.  5A, green arrow) . PBS or NTPrP, injected into contralateral hemispheres as controls, failed to induce any brain lesions. We have not tested whether TPrP can trigger the formation of infectious prions after intracerebral injection. Probing the conformation of TPrP, NTPrP, and OPrP by conformation-dependent immunoassay. PrP was exposed to increasing amounts of GdnHCl; immunoreactivity to PrP mAb D18 was probed by direct ELISA. (C) TPrP is more resistant to PK digestion than OPrP and NTPrP. A full-length TPrP band is detectable up to 0.25 μg/mL of PK, and a PK-resistant core (arrow) is generated by 0.1 μg/mL of PK. A full-length OPrP band is detectable up to 0.1 μg/ mL of PK, and a PK-resistant core is generated. No PK-resistant NTPrP core is generated. PrP concentration was 100 μg/mL in all preparations. All samples (equal protein amounts) were loaded on a single gel. Because of the difference in immunoreactivity between NTPrP and TPrP, as well as OPrP, the Western blot membrane was divided in three to allow adjustment of exposure times. Different exposure times did not change findings. (D) TPrP and NTPrP can be converted into PrP Sc by protein misfolding cyclic amplification with similar efficiency. F, frozen control seed consisting of de novo generated PK-resistant recombinant PrP (6); A, amplified TPrP or NTPrP. 
Discussion
Precisely defining neurotoxic species in protein misfolding diseases is a major challenge and the gaps of knowledge in this regard prevent the development of targeted therapeutic strategies. In recent years, the concept has developed that β-sheetstructured oligomeric species of amyloidogenic proteins are the culprit, because toxicity has been found associated with small molecular-weight aggregates of several such proteins. Several studies, including one of ours, showed that oligomers of the prion protein are neurotoxic (23) (24) (25) . However, highly α-helical monomeric intermediates in amyloid formation have been discovered for amyloidogenic proteins, such as Aβ, α-synuclein, and islet amyloid polypeptide (IAPP) involved in the pathogenesis of AD, PD, and type II diabetes, respectively (38) (39) (40) (41) . Studies of PrP denaturation/renaturation have shown that PrP refolds into an α-helical PrP monomer followed by dimerization and conformational transition to β-sheeted oligomers (42) . It has been proposed that α-helix formation would lead to a high local concentration of an aggregation-prone sequence, in turn promoting intermolecular β-sheet formation (43) . Consistent with this hypothesis, acceleration of amyloid formation is correlated with the amount of helical IAPP (44, 45) . Binding to cellular membranes induces the formation of α-helices in Aβ, α-synuclein, and IAPP (40, 46) . Interestingly, the neurotoxicity of cyPrP, a cytoplasmic form of PrP, correlates with its interaction with lipid membranes in transgenic mouse brains (47, 48) . Moreover, preventing the formation of β-structure by mutagenesis in the N-terminal region of α-synuclein increases its neurotoxicity in PD models (49) . The question has been asked as to whether any of these α-helical and presumably early folding intermediates can represent toxic species amenable to therapeutic targeting (39) . A peptidomimetic approach targeting α-helical IAPP intermediates inhibited fiber formation under lipid-catalyzed conditions and attenuated IAPPinduced toxicity (50) . Herein, we provide unique experimental evidence that a highly α-helical amyloidogenic protein is strongly neurotoxic. TPrP appeared as the most toxic recombinant PrP species hitherto generated, with activity in the nanomolar range [0.5 μg/ mL; (i.e., 20 nM)], whereas β-sheeted forms of PrP or fragments thereof are toxic in the micromolar range (24, 25, (51) (52) (53) . TPrP was highly neurotoxic on various types of neuronal cells, on cerebellar brain slices, and in mouse brains. OPrP was only toxic on brain slices and in vivo, where it was about 10-times less toxic than TPrP. TPrP differed from NTPrP, its nontoxic monomeric counterpart, by its conformation, as shown by its different immunoreactivity using the conformation-dependent immunoassay, by its higher resistance to mild PK digestion, and by its different SEC elution profile. Interestingly, the fact that TPrP exhibits higher PK resistance than NTPrP and OPrP, despite higher α-helical content shows that increased PK-resistance does not necessarily go handin-hand with the acquisition of higher β-sheet content. It will be of great interest to determine the structural differences between native and toxic α-helical PrP. TPrP and NTPrP were equally good substrates for in vitro conversion. Therefore, even though we cannot exclude that a species equivalent to TPrP might be produced independently of PrP Sc during prion infection, it might be an early on-pathway intermediate generated during the structural transition of PrP into PrP Sc . We found that TPrP is toxic even in the absence of endogenous neuronal PrP expression. This finding is consistent with our previous in vitro and in vivo findings (25); it does not contradict earlier studies reporting that PrP Sc deposits do not induce lesions in PrP knock-out mouse brains (54) and that postnatal PrP depletion prevents scrapie-disease (55), as in both cases absence of PrP expression precludes the formation of newly misfolded toxic PrP. Interestingly, Strittmatter and colleagues (56, 57) discovered a role for cellular PrP as a mediator of Aβ oligomer toxicity that has been extended to other β-sheet-rich protein conformers (58) , showing the existence of another neurotoxic pathway.
Toxic PrP has yet to be isolated from prion-infected mouse brains. This is an extremely difficult task because, although TPrP is a stable PrP species in our experimental conditions, toxic PrP might be short-lived in the context of prion replication; moreover we show that toxic PrP (TPrP and OPrP) is rapidly disposed of by PK1 cells, much more so than nontoxic PrP. The temporal and topological dissociation between neuronal death and PrP Sc accumulation evidenced in certain models of prion diseases (11) (12) (13) (14) (15) (16) suggests that at least one major component of PrP-induced toxicity is different from PrP Sc . PrP
Sc preparations from prioninfected brains were found to exhibit toxicity in cultured cells (59, 60) . PrP Sc by itself might also exert some toxicity, or neurotoxic PrP might copurify with PrP Sc after sarkosyl-induced PrP aggregation and centrifugation. TPrP recapitulates the specific morphological and molecular phenotype of cell death occurring during prion diseases: extensive vacuolation, apoptosis, and autophagy (11, (33) (34) (35) . We therefore probed molecular markers involved in the autophagolysosomal degradation pathway in TPrP-exposed neuronal cells and mouse brains infected by three different scrapie strains (22L, RML, and ME7). In both cells and brains, the primary autophagosome marker LC3-II/I ratio was elevated as well as the lysosomal marker Lamp2, indicating induction of autophagy or block in autophagy execution. Atg5 was unchanged, in contrast to, for example, adenovirus-induced autophagy (61) but similar to brains of patients and mouse models of AD and α-synucleinopathy (62). Masliah and colleagues showed that lentiviral beclin-1 overexpression reduces amyloid pathology in APP transgenic mice, as well as α-synuclein accumulation and degenerate pathology in α-synuclein overexpression models in vitro and in vivo; these data suggest a role of beclin-1 in autophagy induction and possibly targeting excess misfolded protein to the autophagy pathway (63, 64) . Beclin-1 was reduced in TPrP-treated neurons and in scrapie-infected brains, suggesting a deleterious exhaustion of this early player of the autophagic pathway. Interestingly, beclin-1 is also reduced in the brains of AD patients (62, 64) , but not in dementia with Lewy Bodies related to α-synuclein deposition (62) , emphasizing the specificity of molecular alterations occurring in different protein-misfolding neurodegenerative diseases. In summary, the molecular signature of autophagy induction was similar after TPrP-induced toxicity and prion-induced toxicity, with the notable exception of mTOR. This finding is not surprising, given the multifaceted roles of mTOR that are not limited to autophagy but include transcription activation, which certainly takes place as part of the gliotic response in prioninfected brains. Of note, even though alterations of the autophagy pathway are a salient feature of TPrP-induced neuronal death and scrapie-infected brains, the role of autophagy in the neurodegenerative process remains to be determined.
It might be that several toxic PrP species are generated during prion replication. TPrP might be the equivalent of one of them. Because of TPrP's exquisite, neuron-specific toxicity and the similarities between TPrP-and prion-induced toxicity, we propose TPrP as a model to study PrP-induced neurodegeneration.
Toxic PrP species (both TPrP and OPrP) are compartmentalized in neurons differently and are cleared more rapidly than nontoxic PrP. TPrP might be secreted from cells. Alternatively, our data showing elevated LC3II/I ratios are compatible with induction of autophagy and rapid degradation of TPrP. Although, obviously, TPrP and PrP Sc are different entities, it is noteworthy that PrP Sc degradation is accelerated by autophagy activation (65, 66) . Further studies aiming at understanding the differences between NTPrP and TPrP cellular processing will shed light on the cellular mechanisms of TPrP-induced neurotoxicity.
The present study challenges the prevailing concept that neuronal damage is solely or mainly linked to the toxicity of β-sheet PrP oligomers. Although a role of β-sheet oligomers in prion pathogenesis is not ruled out by our study, the identification of a highly toxic α-helical PrP monomer opens up a new chapter in the understanding of prion-induced neurodegeneration. Finally, our findings foster the tentative proposal that highly helical protein conformers might be involved in cellular toxicity not only in prion diseases but also in other protein misfolding diseases.
Materials and Methods
SI Materials and Methods contains a detailed description of the production and SEC fractionation of recombinant proteins. It also describes PrP labeling, conversion of PrP aggregates or NTPrP into TPrP, CD analysis, multiangle light scattering, protein misfolding cyclic amplification, PK digestion, and gel electrophoresis and Western blotting. Details are given about cell culture, cell treatment, immunocytochemistry, cell viability assays, brain slice cultures, as well as in vivo toxicity assay and mouse infections.
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